Eliminating the contamination of broiler carcasses by pathogens such as Salmonella that can cause human illness continues to be a tremendous challenge and concern for the poultry industry and government regulatory agencies. One source for the introduction of these pathogens in poultry production can be the feed. Extended heat conditioning of diets prior to pelleting combined with the addition of preservatives such as formaldehyde has proven effective in reducing the risk of Salmonella in poultry diets. However, there has been a concern that the addition of some forms of formaldehyde to diets subjected to extended heat treatment could decrease the metabolizable energy and amino acid availability of the diet. To partially address this question, the TMEn and digestible amino acid coefficients of a broiler starter diet treated with 0 (control) or 0.3% formaldehyde solution prior to heat treatment at 82
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and pelleting of feed have been successful in reducing the levels of Salmonella in feed [2] . However, complete elimination of Salmonella in feed and the emergence of thermotolerant strains of Salmonella have necessitated the use of extended heat treatment processes and the concurrent application of chemical preservatives [3] .
Ruano et al. reported that formaldehyde exposure for greater than 3 h was effective in eliminating several viral, bacterial, and fungal pathogens even in the presence of organic matter [4] . Formaldehyde is considered an effective antimicrobial feed preservative because it eliminates Salmonella in feed at low inclusion rates and prevents recontamination post pelleting [5] . However, there is concern that the addition of formaldehyde to poultry diets may have a negative impact on protein digestibility [6] , especially when the treated diets are subjected to the heat of conditioning and pelleting. Yakhkeshi et al. reported that the application of a commercial formaldehyde/propionic acid-based product at a 0.2% dietary inclusion rate did not negatively impact protein digestibility in broilers [7] . However, this report did not indicate if the formaldehyde-treated diet was subjected to heat. In addition, reports [8, 9] indicating that supplementing diets with formaldehyde could decrease the activity of dietary supplemented phytase and carbohydrase products raised the concern that endogenous digestive enzyme activity might also be decreased in poultry consuming a diet containing formaldehyde, and thus decrease the digestible energy value of the diet. The goal of the present research was to determine if the application of a specific formaldehyde feed additive, , at a 0.3% inclusion rate in combination with extended heat treatment, reduced the TMEn and available amino acid content of a broiler starter diet.
MATERIALS AND METHODS

Formaldehyde Application and Analysis
A single 1 ton batch of broiler starter diet (Table 1) was mixed using a Scott Double Ribbon Mixer [11] and equally divided into 2 bulk tote containers. The feed in one container was designated as the control diet and added back to the mixer for subsequent heat treatment and pel- leting. The feed in the second tote was mixed in a Davis Horizontal Double Ribbon Mixer equipped with an air atomizing liquid application system for the application of Termin-8 at an inclusion rate of 0.3% [11] . Three subsamples, each consisting of 250 g of the Termin-8 treated mash diet, were collected for subsequent confirmation of formaldehyde level in the mash diet. The Termin-8 treated diet was then heat treated and pelleted. Prior to pelleting, both the control and Termin-8 feeds were preconditioned at 82
• C for 60 s using steam and subsequently subjected to extended heat treatment (4.5 min at 82
• C) in a California Pellet Mill hygenizer [11] . Each heat-treated diet was then immediately pelleted. When pellet temperature had achieved 82
• C for 5 min, the flow of pellets was diverted to the crumbler. After crumbling, 3 (250 g) composite subsamples of the Termin-8 diet were obtained for formaldehyde analysis.
The concentration of formaldehyde was determined as previously described [12, 13] . Composite samples of feed were ground into 1 mm 3 particles prior to subsampling with a Humboldt sample splitter [11] . Representative 2-g samples of both the mash and pelleted diets were added to a 500-mL distillation flask. Subsequently, 80 mL of deionized water containing 0.255% phosphoric acid (pH 1.9) was added to the sample. The solution was distilled to release the formaldehyde bound to the feed ingredients and a 40-mL aliquot of the distillate was collected [12] . Two milliliters of the collected distillate was transferred to a test tube and diluted with 2 mL of deionized water prior to adding 0.5 mL of acetylacetone derivitizing reagent [13] . Test tubes were sonicated at 50
• C for 45 min to complete the colorimetric reaction. After cooling, the absorbance of the solution was read at 412 nm. The concentration in the distillate was calculated from a curve of standard formaldehyde solutions [13] .
TMEn Determination
TMEn was determined according to the method of Sibbald [14] as modified by Dale and Fuller [15] . Forty Single Comb White Leghorn roosters (65 wk of age) were fasted for 30 h to empty the digestive tract. Roosters were then transferred to individual wire cages measuring 30.48 cm wide by 45.72 cm deep by 50.8 cm high. Each cage was equipped with a nipple drinker to provide free access to water and a stainless-steel excreta collection pan. Roosters (20 per treatment) were each precision-fed 35 g of either the control diet or Termin-8 diet. The 20 roosters per treatment were subdivided into 5 replicate groups of 4 birds each. Excreta were collected for 48 h. post feeding. To estimate endogenous energy excretion 10 roosters remained unfed for the 48-h collection period. All procedures were approved by the University of Georgia Animal Care and Use Committee.
Excreta were quantitatively collected from each individual pan, dried, and weighed. Crude protein and moisture of the feces and diets were determined [16, 17] , with gross energy of feed and feces determined with a bomb calorimeter [17] . The gross energy of each diet was obtained by averaging the values obtained from 3 samples of each diet.
Digestible Amino Acid Determination
The determination of the digestible amino coefficients of each diet followed the same procedures utilized for the TMEn determination except that 57-wk-old cecectomized roosters were utilized. The amino acid content of the diets and feces was determined [16, 18] for calculation of the digestible amino acid coefficients for each diet. The amino acid composition of each diet was obtained by averaging the values obtained from 3 samples of each diet.
Statistical Analysis
Data were subjected to 1-way analysis of variation [19] . Differences were considered significant when P < 0.05. All statistical procedures were completed with the Minitab statistical software package [20] .
RESULTS AND DISCUSSION
Formaldehyde Recovery
Formaldehyde recovery for the mash and pelleted diets was (mean ± SEM) 6.28 ± 0.09 and 5.54 ± 0.01 lb/ton, respectively. These values represent a 105 and 92% recovery rate for formaldehyde in the mash and pelleted diet, respectively. The lower recovery rate in the pelleted diet may indicate that the heat associated with pelleting resulted in some volatilization of the formaldehyde or that the pelleting process resulted in the formaldehyde attaching more strongly with feed particles, and thus a decrease in the release of formaldehyde from particles during the distillation process of the formaldehyde determination assay. Air exiting the feed mill dust collection system was monitored [21] , and was found to contain 0.3 ppm formaldehyde which further indicates very little formaldehyde escaped during the manufacturing of the test diet.
TMEn
The gross energy (GE) of the control diet was 66 kcal/kg less than the control diet supplemented with 0.3% Termin-8 (Table 2) , the difference representing the energetic contribution of the Termin-8 [10]. The TMEn determined for the Termin-8 containing diet was greater (112 kcal/kg) than for the control diet (Table 2) . However, the TMEn/GE ratios (which would factor in the difference in GE between the 
Amino Acid Digestibility
The application of Termin-8 to the control diet did not reduce the digestibility of amino acids, except for a slight decrease in that of arginine (Table 3 ). The decrease in the digestibility of arginine, although statistically significant, was less than 0.8 percentage units. In a practical feeding situation this would likely not affect bird performance as dietary arginine levels are typically in excess of requirement.
In US Patent 5965,188 [22], the bond between the free carbonyl group of formaldehyde and the n-terminal amine group of amino acids was reported to dissociate rapidly which indicates it forms a weak bond. However, the bond between formaldehyde and the secondary amine groups of amino acids appears to be more stable as it forms a Schiff base with the epsilon amine group. In the case of arginine, there are 2 amine groups attached to the terminal carbon rather than 1. Among the amino acids, this characteristic is unique to arginine and lysine, the latter not being significantly affected in the current study. The research by Metz et al. [23] , who investigated the ability of very high concentrations of formaldehyde to cross link proteins in aqueous solution, may provide further insight into the observed decrease in the digestibility of arginine in the current research. They reported that arginine was the only amino acid that would cross link 2 other amino acids rather than the typical 1 amino acid with these reaction conditions [23] . Thus, arginine's slightly enhanced ability to bind formaldehyde and to link to other molecules in the presence of formaldehyde may 
CONCLUSIONS AND APPLICATIONS
1. The addition of formaldehyde to poultry feeds can help to eliminate Salmonella contamination of these diets without affecting the TMEn of the diet. 2. The present research also indicates that when 0.3% formaldehyde is applied using an air atomizing liquid application system under the conditions herein, it does not decrease the digestible amino acid content of the diet, except for a marginal decrease in the digestibility of arginine.
